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Abstract: Coiled Tubing (CT) is extensively used in oil industry to clean the wellbore to 
increase the productivity of oil/gas well by removing the fill/sand downhole. Well cleanup 
operation for low bottom hole pressure is problematic and common cleanout fluids are not 
effective as a circulation fluid due to severe pressure losses and low suspension capability. 
The use of foam as cleaning agent has become more popular due to its low density and 
high viscosity. The objective of this paper is to investigate the factor effecting on fill 
concentration and pressure loss during horizontal wellbore cleanup operation at different 
CT/Annulus diameter ratios using Herschel Buckley viscosity model. Results showed that 
foam quality has the significantly high effect on fill concentration as compared to foam 
velocity. It is noticed that diameter ratio has high effect on particle removal when foam 
quality is 70%. Surprisingly, it is found that the effect of diameter ratio on fill 
concentration decreases when foam quality is 90%.  

1 Introduction 

Fill (sand and fine) material left in the cased annulus reduces the production of wellbore. Therefore 
,well cleaning operation is required to enhance the oil/gas production. Currently, fill removal is the 
largest CT application with approximately 50% of all CT operations industry wide [1]. Coil Tubing 
has two circulation modes to remove solid particles, namely the forward and reverse circulation 
modes. In the forward circulation mode, Cleaning fluid is pumped in the tubing and mixture of fill and 
foam is circulated back through cased annulus. On the other hand, reverse circulation is carried out by 
injecting fluid from cased annulus and circulated back through coiled tubing. Present study is focused 
on the forward circulation flow of the cleaning fluid. Solid particles transport is problematic in 
horizontal wellbore [2]. In this situation, fill particles drop down the lower side of annulus and form a 
solid bed. In practice, the velocity of circulation fluid in the annulus is kept greater than the settling 
velocity of the particle. This is to ensure that the circulation fluid has higher buoyancy force than the 
gravity force of solid particles. Selection of fluid is the important factor in designing the cleanout 
operations [3]. To overcome the problem, study is forwarded to analyze the fill removal with foam 
along horizontal well.  
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2 Literature review 

The foam is generated by mixing in a gas phase with a foaming agent and a base fluid. Water and oil 
are the most typical kind of base fluids. The foaming agent (0.5 to 1% by volume) is a surfactant. It is 
used to lower the surface tension between the gas and the base fluid [4]. Saintpere et al. [5] reported 
that foam rehology follow the Herschel Bulkley viscosity model. 

Herzhaft et al. [6] experimentally studied that solid transport efficiency increases with high quality 
of foam. Li and Kuru [7] incorporated a model for hydraulic calculations of cutting transport with 
foam during horizontal wellbore drilling operation. They found a relation for the critical velocity of 
foam to transport the drill cuttings. They analyzed that cuttings efficiency increases at higher foam 
flow rate. Li and Kuru [8] concluded that critical velocity of foam has no effect of temperature 
variation between C�30 and C�100 . Loureno et al. [9] also verified experimentally that rehology of 
foam has no influence of change in temperature. 

In the past, drilling cuttings transport with foams has been studied along the horizontal wellbore, 
study has forwarded to understand the fill transport with foam along horizontal wellbore during coiled 
tubing cleanup operation. Recently, Khan and Pao [10, 11] reported that well cleaning can be achieved 
with lower quality of foam as long as its circulating velocity is high i.e. 6 ft/sec. They also observed 
that sand settled down at bottom of annulus and form continues bed when the annular velocity is less 
than 5 ft/sec. They concluded that fill concentration in the annulus is mostly dictated by foam quality 
rather than its velocity. They also found that pressure loss increases with the increase in the foam 
quality. 

3 Methodology 
In the present study, ANSYS-CFX-14 is used to analyze the fill removal from horizontal wellbore 
using foam as a cleaning fluid. Bailey et al. [12] also used this method to investigate the pressure 
gradient of non Newtonian slurry composed of gel and sand at reel to injector section of coiled tubing. 
Similar approach has been used by Bilgesu et al. [13] to investigate the cutting transport efficiencies 
in vertical well. In the present study, the flow is assumed to be in pseudo-steady state condition. 
Following is the Herschel-Bulkely rheological relation of foam. 

nK��� �� 0                                                                                                               (1) 

where, �  is the shear stress, o�  is the yield stress, K is the consistency index, �  is the shear rate 
and n is the power index for non-Newtonian fluid. Herschel-Bulkely viscosity model parameters for 
water base foam was analyzed by Miska et al. [14] as shown in Table 1, and their values are assumed 
valid in the present study. 

Table 1: Rheological Model Parameters 

Liquid 
Phase Parameters Quality (%)

70 80 90
Water 
based 
foam 

properties

� 0.53 0.45 0.42
)(0 Pa� 0.0004 0.000009 0.001379

).( sPaK 0.6894 1.999 2.8268

The foam velocities are applied at annulus inlet. The rate of penetration of tubing inside the fill is 
taken 60 ft/hr. There is a uniform injection of fill particles at annulus inlet. Injection flow rate of solid 
particles is calculated using Equation 2. Boundary conditions are applied on the surface of domain to 
define the foam and solid phases as shown in Figure 1. 

VAQ �� ,                                                                                                                   (2) 
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Where, Q  is the mass flow rate, � is the density of fill, V  is the velocity of particle and A is the 
area of annulus. 

Figure 1: Schematic well diagram 

Particle transport multiphase model was chosen to calculate the mass fraction of the fill particles 
along the annulus. All the particles were tracked, starting from the area of injection until the exit area 
of fill particle throughout continues foam phase. The track of particle was carried out by formulating a 
set of regular equations in time for each fill particle.  

The displacement of the particle is calculated using forward Euler integration of each particle 
velocity over time step as shown in Equation 3 and velocity of particle is calculated using Equation 4.
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where, x  is the particle displacement, n  is the new position of sand particle, o  is the old 

position of particle, PV  is the particle velocity and t	  is the time step, fv  is the foam velocity, � is 
the shear stress and allF  is the sum of all forces. The momentum of solid particles is calculated using 
Equation 5.

FRFPFBFD
dt
dUpmp ����

,                                                                                  (5) 

where, pm  is the mass of the solid particle, dtdUp  is the particle velocity and FD  is the drag 
forces acting on the particle, FB  is the bouncy force due to gravity, FP  is the pressure gradient force 
and FR  is the force due to domain rotation. The explanation for above mentioned forces are omitted 
but its detail description can be found in the ANSYS-CFX version 14.0–Solver Theory Guide [15]. 
The interaction between these forces affects the solid particle transport during fluid circulation.  

4 Result and discussion 

In the previous study Khan and Pao [10], verified a numerical model with the experimental study 
which was carried out by Chen et al. [16]. It was noticed that the decrease in particles concentration 
was almost matching with the experimental study. It has been verified that the numerical model is set 
for the parametric study of fill transport with foam during coil tubing cleanup operation. Numerical 
analysis was carried out by using following parameters as shown in Table 2. 

Table 2: Parameter for simulation 

Foam quality 
(%)

Foam velocity 
(ft/sec)

Fill diameter 
(mm)

Diameter ratio 
(CT/Annulus)

70 3, 4, 5, 6 0.5, 1, 2, 3 0.35, 0.4, 0.45, 0.5
80 3, 4, 5, 6 0.5, 1, 2, 3 0.35, 0.4, 0.45, 0.5
90 3, 4, 5, 6 0.5, 1, 2, 3 0.35, 0.4, 0.45, 0.5
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Effect of different qualities on fill concentration of varying size of particles: In all of the studies, a 
decreasing trend for the fill concentration is noticed as fluid quality increases for all CT/Annulus 
diameter ratio. The relationship between the concentration of the fill and the quality of the foam at 
each diameter ratio and constant foam velocity of 6 ft/sec is presented in Figure 2 (a) and (b). It can be 
observed that there is a significant decrease in fill concentration when quality of foam is less than 
80%. Rate of decreases in the fill concentration reduces when foam quality increases from 80 to 90%.  

(a) (b)
Figure 2: Effect of foam quality on the fill concentration of small and large size of particles at different 

CT/Annulus diameter ratios (a) Effect of quality when particle size is 1 mm (b) Effect of quality when particle 
size is 3 mm

Effect of different velocities on fill concentration of varying size of particles: In all of the studies, 
a decreasing trend for the fill concentration is noticed as fluid velocity increases for all of the 
CT/Annulus diameter ratios and fill sizes. The relationship between the concentration of different fill 
sizes and velocities of the foam at each diameter ratio is presented in Figure 3 (a) and (b). It is found 
that there is a significant decrease  in the fill concentration of small size particles and large size 
particles when foam velocity  increases from 3-5 ft/sec. As, the foam velocity increases from 5-6
ft/sec than there is insignificant decrease in the fill concentration at small size of fill particles and a 
considerable decreases in the concentration of large particles. 

(a) (b) 
Figure 3: Effect of foam velocity on the fill concentration of small and large size of particles at different 

CT/Annulus diameter ratios (a) Effect of velocity when particle size is 1 mm (b) Effect of velocity when particle 
size is 3 mm
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5 Conclusion 

Foam has the higher efficiency of solid particles transport because its structure does not allow 
the fallback of solids, even under low circulation velocities. A decreasing trend for the fill 
concentration is noticed as fluid quality and velocity increases for all of the CT/Annulus diameter 
ratios. Fill removal has better performance with foam of low quality at annular velocity of 6 ft/sec. 
Present study showed that foam quality affect more on the fill concentration than the velocity of foam 
and diameter ratio. 
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